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Abstract 
 In this letter, we perform numerical and experimental studies of the optical response of an original 
configuration based on enhanced transmission through guided mode based metamaterials. The 
proposed structure is inspired by annular aperture array (AAA) where the cylindrical symmetry is 
broken in order to acquire a polarization-sensitive metasurfaces. The experimental results, which are in 
good agreement with numerical simulations, demonstrate that the structure acts as a polarizer 
exhibiting an extinction ratio of (15:1) with a maximum transmission coefficient up to 85% which is 
more efficient than what it is expected with a typical plasmonic resonance. 
  
Since the discovery of the electromagnetic surface plasmon (SP) wave by Kretschmann [1], all the 
experiments proving the existence of this excitation were based on the optimization of the absorption 
of the incident electromagnetic field by the metallic structure. In fact, when SP is efficiently excited, it 
pumps all the incident energy so that both transmission and reflection are zero. At this time, the 
surface wave is excited and the light propagates along the metal-dielectric interface until all the energy 
is dissipated due to the metal absorption. This is in direct contradiction with the Ebbesen [2] 
experiment where extraordinary transmission, and not absorption, is associated with the excitation of 
the SP. In fact, the metallic structure (aperture array) of Ebbesen plays the role of an optical tunnel for 
the surface plasmon wave. The extraordinary transmission can perhaps be associated with the 
excitation of a SP but this excitation is not very efficient since a part of the incident power is not 
converted to a plasmonic wave. Hence, we name this effect “frustrated surface plasmon resonance”. 
Research groups around the world have proposed to investigate the large potential of metamaterials 
[3,4], but the most proposed solutions are based on surface plasmon resonance (SPR) within metallic 
nanostructures [5, 6]. Nevertheless, a more interesting solution consists of the excitation of specific 
eigenmodes of the structure exhibiting less absorption in comparison to the SPR. In this context, AAA 
(Annular Aperture Arrays) was first proposed [7] to compete with the Ebbesen structures 
demonstrating larger transmission coefficients (at least 4 times) due to the propagation of guided 
modes inside the apertures. Optical properties of these modes were extensively studied both 
theoretically and experimentally for a wide range of applications such as based color filters for the 
visible range [8], enhancement of second harmonic generation [9], beam angular filtering [10] and 
broadband enhanced transmission metamaterials for visible [11-14] and infrared applications [15]. The 
main feature discrepancy between guided mode-based and surface plasmon resonance-based 
extraordinary transmission is the spectral bandwidth, a property that will be exploited here to propose 
metamaterial acting as a spectral broadband polarizer in the visible to near infrared (NIR) range. Note 
that other geometries of nano-waveguide (ellipses [16] or rectangles [17]) exist and were proposed in 
the context of polarization control of the transmitted beam. Nevertheless, the SPR-guided mode 
coupling can negatively affect the transmission amplitude and modify its spectral bandwidth. 
Moreover, the spectral position (λA) of these anomalies (Rayleigh and Wood) is governed by the 
following equation: 
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where ε1 and ε2 are the relative dielectric permittivities of the incidence (substrate) and transmission 
(superstrate) media respectively, px and py are the periods along the Ox and Oy directions and m and l 
are integers of the diffraction order in the Ox and Oy directions. ϕ and θ are Euler angles that define 
the incidence direction. α is a parameter that can take four different values: 
𝛼 = 𝑛1 = √𝜀1   Rayleigh anomalies at substrate metal interface 
𝛼 = √
𝜀𝑚𝜀1
𝜀𝑚+𝜀1
      Wood anomalies at substrate-metal interface 
𝛼 = 𝑛2 = √𝜀1   Rayleigh anomalies at substrate metal interface 
 
𝛼 = √
𝜀𝑚𝜀2
𝜀𝑚+𝜀2
     Wood anomalies at substrate-metal interface 
 
We will limit our study to normal incident beams linearly polarized along a single direction 
(ϕ = θ = 00) and we consider a grating with the same period px = py = p so that equation 1 
becomes: 
𝜆𝐴
2(𝑚2 + 𝑙2) − 𝛼2𝑝2 = 0 
 
According to equation 2, the (m = ±1; l = 0) and (m = 0; l = ±1) are the first four diffracted orders that 
can disturb (or couple) the excitation of the fundamental guided mode inside the apertures. In the case 
of a metallic layer with small thickness (h < 150nm), the excitation of the guided mode leads to an 
efficient transmission over a wide spectral range (broader transmission peak) around its cutoff 
wavelength [18] and can then overlap the SPR. Thus, their coupling leads to the emergence of a Fano-
like shape in the transmission spectrum. Unfortunately, a transmission dip occurs at a spectral position 
that greatly depends on the periodicity of the structure associated with the SPR excitation (see eq. 1). 
On the contrary, the transmission properties of the guided mode are quasi-independent of the 
periodicity especially if the metal thickness is small [19] resulting in a transmission peak at the 
vicinity of the cutoff spectral position of the mode. In the case of an infinitely long coaxial waveguide, 
the latter can be written as [20]: 
𝜆𝑐 = 𝜋(𝑅𝑜 + 𝑅𝑖) +a 
  
Where Ro and Ri are the outer and inner radii of the aperture respectively and the term α is a Reds-hift 
term induced by the metal absorption. The value of α depends on the metal dispersion and on the 
structure geometry (especially when the gap Ro −Ri is smaller than 200 nm [20]). It is also easy to 
understand that for small period values, a coupling between two adjacent apertures can occur across 
the metal thickness due to the light penetration inside the metal. This effect will be discussed below. 
To illustrate the coupling properties between the vertical guided mode and the horizontal surface 
plasmon mode, we have designed the structure depicted on figure 1 and named Semi- Coaxial 
Aperture Array (SCAA). The latter (1) draws on the AAA structure mentioned above where the 
degeneracy of the TE11 mode, due to the cylindrical symmetry of the apertures, is deliberately broken 
by leaving a small metallic part along one aperture diameter along a periodic direction (here the 
Ox−direction). This structure was proposed and numerically studied in ref. [21] highlighting out its 
polarization sensitivity. In the context of the present study, this polarization sensitivity is 
experimentally demonstrated and is exploited to select two distinct operation regimes by simply 
rotating the polarization direction of the incident wave: A first one where only the SPR is excited and 
a second regime where Fano resonance occurs due to interference between the horizontal SPR mode 
and the in-aperture vertical guided mode. 
 
Figure 1 Schematic of the semi-coaxial aperture array (SCAA) engraved into metallic (silver) layer deposited on glass 
substrate. The reference zone has the same dimension as the whole array. Inset on the top right indicates the variables 
associated with each geometrical parameter of an aperture 
Geometrical parameters of this structure are then optimized in order to get spectral broadband 
transmission coefficient in the visible-NIR range. To this end, a home-made 3D-FDTD (Finite 
Difference Time Domain) code is utilized to simulate the optical response of our structure. It 
integrates an efficient analytical model allowing an accurate description of the metal dispersion 
properties (silver for instance), namely the Drude-critical points model [22, 23] that is adapted to the 
experimental data of ref. [24]. 
1.1. Numerical study 
The simulations allow the determination of the most appropriate geometrical parameters (thickness, 
diameters and metal nature) to experimentally demonstrate an enhanced transmission assisted by a 
TE11 guided mode in view of obtaining an efficient nano-polarizer. The design of the structure imposes 
two conditions: the first one is to affix the air gap (the difference between inner and outer radii) to be 
sufficient in order to facilitate the technological challenge of fabrication while the second is to choose 
the value of the period to allow Woods and/or Rayleigh’s anomalies to be coupled with the guided 
mode. In fact, at normal incidence and according to Eq. 2, the anomaly exhibiting the largest value of 
wavelength corresponds to the SPR induced by the diffracted orders (m = 1; l = 0) or (m = 0; l = 1). 
Thus, we first fixed h = 100 nm, L = 50 nm, Ro = 150 nm and Ri = 50 nm and have varied the period 
value between p = 320 nm and p = 900 nm in order to see the evolution of the coupling between the 
fundamental guided mode (TE11) and this SPR mode. Nevertheless, the guided mode is only excited in 
x−polarization (figure 2a) while the SPR exists also for the y−polarization incident electric field 
(figure 2b). The cutoff wavelength of the TE11 mode was calculated through an order-N spectral 
FDTD algorithm [25] incorporating the same dispersion model of Drude critical points. The obtained 
value is λc = 756 nm leading to α = 186:48 nm in equation 3. As expected, we can see from figure 2 
that the transmission is more important in the case of the guide mode excitation and reaches 92% 
while the maximum for the y−polarization is of 54%. This latter value, that occurs for small period 
values, is somewhat surprising (too large) but is due to a hybrid guided mode which is different from 
the pure TE11 mode resulting from the coupling between the apertures themselves across the metal 
thickness. In fact for p < 350 nm the distance between two consecutive apertures becomes of the same 
order as the magnitude of twice the metal skin depth (≈ 2×25 nm). The white dots and circles plotted 
on figures 2 indicate the SPR spectral position as calculated from equation 2. At first glance, they 
seem to be superimposed on the transmission dip positions for both x− and y− polarizations meaning 
that the coupling effect is very small. However, by determining the exact position of the transmission 
dip (λd) we calculate the difference between them and the theoretical value given by equation 2.  
Let Δ = λA −λd be this difference. 
 
 
 
Figure 2 Transmission through SCAA calculated using a custom FDTD code as a function of both wavelength and period. 
Comparison between simulation and the analytical model given by equation 2 for a linearly polarized plane wave along the x 
–directions is presented in (a) while the y-polarization is given in (b). The other geometrical parameters are Ri=50 nm, 
Ro=150 nm, P=400 nm and L=50 nm. 
Values of Δ are depicted on figure 3a as a function of the wavelength (bottom horizontal axis) and as 
the period value (top axis) for x− polarized incident plane wave when both guided and SPR are 
excited (red line and stars) and in y− polarization when only the SPR exists (blue line and stars). We 
can clearly show that the signature of the coupling effect is more pronounced when the TE11 mode is 
excited. Nevertheless, the two curves converge toward Δ ≃ 0 nm when p increases. This clearly 
demonstrates that the excitation of the SPR spectral position corresponds to a transmission dip and not 
to a maximum transmission. Nonetheless, the presence of the SPR is necessary to induce a fairly little 
important transmission (to the right of the dip) induced by a Fano resonance resulting from the 
coupling between the SPR mode and residual transmission corresponding to a guided mode that is 
spectrally located far from the SPR. Figure 3b presents the transmission spectrum for p = 400 nm (blue 
cross section line made over the map of figure 2a). This value of the period was chosen to be 
fabricated because it allows efficient transmission over a wide spectral range including the visible 
domain. With this value, Eq. 2 leads to λSPR(l = 1;m = 0) = 638:5 nm while the dip position in the 
transmission spectrum is located at λd = 635:63 nm. This small discrepancy (Δ = 2:87 nm) is due to 
the presence of the guided mode that induces a blue shift of the SPR. The value of L = 50 nm used in 
the previous study was determined to be the minimum value that insures a good extinction ratio (ER) 
between the two orthogonal polarization directions. 
 
 
Figure 3 (a) Difference between the expected SPR spectral position (λA) from equation 2 and the transmission dip (ld) as 
function of the dip position (bottom horizontal axis ld ) and as the SCAA period(top axis) for x-polarization (red curve) and 
y-polarization (blue curve). (b) Transmission spectrum as a function of the wavelength in the case of a period value p=400 
nm. The others geometrical parameters in (b) are Ri=50 nm, Ro=150 nm, L=50 nm. 
Figure 4 shows the obtained numerical spectra when L varies from 10 nm to 70 nm for the two 
polarization states (along Ox and Oy directions). We can clearly see that the TE11 guide mode is still 
efficiently excited for the x-polarization while smaller transmission occurs for the y-polarization. As 
mentioned previously, at the SPR wavelength, the transmission coefficient is zero for both the two 
polarization states. One time again, this denotes the negative role of the SPR in the transmission 
process [26]. On the one hand, the spectral position of the SPR is quite independent of the value of L. 
The transmission dip position only varies from 632:95 nm to 629:45 nm for x-polarization and from 
640:45 to 639:92 nm for the y-polarization. On the other hand, the transmission peak position appears 
to be more sensitive to L because its position varies from 724 nm to 746 nm when L varies from 30 nm 
to 70 nm. Fortunately, its quality factor is very weak and leads to a very small relative variation of the 
transmitted energy. According to Figure 4, and taking into account the fabrication constraints, i.e. 
Focused Ion Beam (FIB) resolution, we estimated L = 50 nm is sufficient to design efficient nano-
polarizer with an average ER of 16 for λ ∈ [700−1600] nm (see inset of figure 4). Specifically, 
transmission coefficients of Tx = 0:75 and Ty = 0:043 are obtained at an operation wavelength of λ = 
794 nm leading to an ER of 17:44. Thereby, the proposed structure almost behaves as a linear 
polarizer in that spectral range. More importantly, it allows distinguishing the case of a specific SPR 
excitation (polarization along the y-direction) of the case where the SPR is coupled with the guided 
vertical mode (incident polarization directed toward the x-direction). 
Nevertheless, until now the metal thickness was arbitrarily fixed to h = 100 nm which corresponds to a 
common value recently used in several experimental configurations [11, 27, 28].In fact, the 
transmission properties of such metamaterial are independent of this parameter for SPR or guided 
mode excitation. This is clearly demonstrated through the calculated spectra presented in figure 5 
where the parameter h was varied from h = 80 nm to h = 170 nm. For this range of the thickness, the 
transmission dip position (SPR excitation) only varies from 631 nm to 633 nm. At the same time, the 
transmission efficiency at the TE11 guided mode excitation decreases from 0:8875 to 0:798. However, 
the quality factor of the transmission peak slightly increases passing from 2:41 to 3:88 when h grows 
from 80 nm to 170 nm. Nonetheless, the fabrication constraints (maximum aspect ratio of 1 to 
minimize the conical effect [11] of the FIB metal milling) impose an h value around 100 nm. In 
addition, the smaller h is, the smaller the metal absorption. All the geometrical parameter of the 
structure are now fixed (Ri = 50 nm, Ro = 150 nm, L = 50 nm and p = 400 nm.). In the following, we 
will discuss its fabrication and its characterization. 
 
 
Figure 4 Theoretical zero-order transmission spectra through an SCAA for different values of L for both x-(solid lines) and y-
(dashed lines) polarized incident  beam impinging the structure  from the glass substrate at normal incidence with Ri=50 nm, 
Ro=150 nm, h=100 nm and p=400 nm. The inset gives the extinction ratio(ER) for L=50 nm as a function of the illumination 
wavelength. 
 
Figure 5 Zero-order theoretical transmission spectra through a Semi coaxial structure versus the thickness h of the silver for a 
transverse magnetic (X) polarization illuminated at normal incidence. The other geometrical parameters are Ri=50 nm, 
Ro=150 nm,L= 50 nm and p= 400 nm. 
1.2. Fabrication 
FIB milling combined with a very accurate metal deposition by evaporation is used to realize 
the fabrication of the SCAA. First, a 5 nm thin chromium layer is deposit on the glass 
substrate (refractive index n = 1:5) as an adhesion layer. Next, a silver film (thickness h = 100 
nm) is deposited by evaporation. Finally, the apertures are obtained by FIB milling of the 
metallic layer. A SEM image of the fabricated sample is shown in fig.6. The Whole matrix is 
8×8μm2 composed of 20×20 apertures. Despite a few minor imperfections (see small yellow 
circles that indicate un-etched apertures), the SEM images show well defined apertures and 
periodicity along both x- and y- directions. 
 
 
Figure 6 (a) SEM top view image of the studied AAA (20×20 apertures) engraved in silver film. The yellow circles indicate 
some of the apertures that are not completely etched by FIB milling. (b) Zoom-in over 5x3 patterns. 
1.3. Characterization 
To record the transmission spectra, the sample is illuminated at normal incidence by a supercontinuum 
white light source (Leukos-SM OEM, from 320 nm to 2400 nm) after it is collimated and linearly 
polarized (x or y- direction). The zero order transmission is then propagated to a spectrometer through 
a cleaved multimode fiber (core diameter 62.5μm) placed above the SCAA matrix and connected to an 
optical spectrometer (USB 2000 by Ocean Optics). We recall here that the transmission coefficients 
are theoretically and experimentally defined as the ratio between the diffracted zero order transmission 
through the SCAA to a reference area consisting in a square aperture having the same lateral size as 
the whole SCAA and engraved in the same metallic film. The transmission spectra for different angles 
of polarization (from ϕ = 0◦ to ϕ = 90◦) are depicted in fig.7. To experimentally validate the theoretical 
predictions and the protocol fabrication, we compared in fig.7 the theoretical and experimental results 
for both polarization (Einc //Ox and Einc // Oy). In the case of the Ox polarization, taking into account 
the measured values of the radii (Re = 141 nm, R = 50 nm) and the asymmetry of the L value (L = 50 
nm on one side and 36.2 nm of each other), we observe a good agreement between theory and 
experiment in terms of position and intensity (about 80% transmission of the guided mode TE11). We 
also see good agreement of peak shape with a slight difference of about 5 nm position. Certainly, 
fabricated structures do not present any serious defects except the asymmetrical shape of the metal 
portion that defines the semi-coaxial aperture. Nevertheless, one notices the slope change in the 
experimental spectra that occurs due to the clipping of the optical spectrometer at higher wavelength 
values (λ >= 800 nm). As shown in the study according to L on figure 4, small variations of this 
parameter affects very weakly on the amplitude and the position of the transmission peak. This proves 
the robustness of the design of the SCAA. In contrast to x−polarization, the transmission obtained is 
very low (of about 15%) for the y−polarized incident beam. In addition, in terms of position, one sees 
a much larger gap between the theoretical and the experimental spectra due to the experimental 
conditions as the polarization changes (estimated error to 2 degrees). These results show that this 
structure allows us to control the confinement selectively depending on the polarization and thereby 
obtain a transmission two times higher than that associated with rectangular slots [17]. 
 
 
 
Figure 7 Zero-order (a) theoretical and (b) experimental transmission spectra of the semi-coaxial annular apertures structure 
as a function of the polarization: Note that the simulations are based on a home-made 3D FDTD code. 
Finally, we plot on figure 8 the experimental ER calculated as T(ϕ =0o)=T(ϕ = /2). The obtained 
result agree well with the theoretical one depicted as inset in figure 4 and corresponding to the same 
geometry (L = 50 nm for instance). Unfortunately, the maximum value of the ER is smaller than the 
theoretical one due to the fact that, as mentioned previously, some apertures (exactly 44) were not 
completely etched and did not participate to the transmission coefficient for ϕ = 0o. However, an ER 
of 15 is obtained at λ = 750 nm that corresponds to the position of the guided mode-based transmission 
peak. 
 
 
 
Figure 8 Experimental ER calculated over a restricted spectral range corresponding to the OSA bandwidth 
2. Conclusion 
We numerically and experimentally demonstrated high polarization-sensitive metamaterial with very 
thin metallic layer based on enhanced transmission through guided mode excitation inside the 
apertures. The experimental results, which are in good agreement with numerical simulations, 
demonstrate that the structure acts as a polarizer exhibiting an extinction ratio of (15:1) with a 
maximum transmission coefficient of 85% which is more efficient than what can be expected with 
plasmonic resonance. This nano-polarizer function is a promising solution for nearfield polarization 
microscopy (selective detection of the transverse components of the electric near-field). It is then 
sufficient to integrate one semi-coaxial aperture at the end of a Scanning Near-field Optical 
Microscope (SNOM) metal coated probe to get much better efficiency than that of a structure with an 
elliptical cross-section as suggested by Gordon et al. [16]. 
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